Background: The purpose of this study was to determine how American College of Cardiology/American Heart Association (ACC/AHA) 2013 and European Society of Cardiology 2016 guidelines for the primary prevention of atherosclerotic cardiovascular disease (CVD) compare in reflecting the totality of accrued randomised clinical trial evidence for statin treatment at population level. Methods: From 1997-2008, 7279 participants aged 45-75 years, free of atherosclerotic cardiovascular disease, from the population-based Rotterdam Study were included. For each participant, we compared eligibility for each one of 11 randomised clinical trials on statin use in primary prevention of CVD, with recommendations on lipid-lowering therapy from the ACC/AHA and European Society of Cardiology (ESC) guidelines. Atherosclerotic cardiovascular disease incidence and cardiovascular disease mortality rates were calculated. Results: The proportion of participants eligible for each trial ranged from 0.4% for ALLHAT-LLT to 30.8% for MEGA. The likelihood of being recommended for lipid-lowering treatment was lowest for those eligible for low-tointermediate risk RCTs (HOPE-3, MEGA, and JUPITER), and highest for high-risk individuals with diabetes (MRC/BHF HPS, CARDS, and ASPEN) or elderly PROSPER. Eligibility for an increasing number of randomised clinical trials correlated with a greater likelihood of being recommended lipid-lowering treatment by either guideline (p < 0.001 for both guidelines). Conclusion: Compared to RCTs done in high risk populations, randomised clinical trials targeting low-to-intermediate risk populations are less well-reflected in the ACC/AHA, and even less so in the ESC guideline recommendations. Importantly, the low-to-intermediate risk population targeted by HOPE-3, the most recent randomised clinical trial in this field, is not well-captured by the current European prevention guidelines and should be specifically considered in future iterations of the guidelines.
Introduction
Clinical practice guidelines represent recommendations intended to facilitate evidence-based clinical decisionmaking. The foundations of treatment recommendations should be evidence, most importantly coming from double-blind placebo-controlled randomised clinical trials (RCTs). In comparison to other medical fields, cardiology practice guidelines are considered most likely to be derived from the evidence coming from RCTs. 1 Guideline recommendations on statin use in primary prevention of atherosclerotic cardiovascular disease (CVD) are derived from a large number of RCTs conducted in the past 25 years (Table 1) . 2, 3 However, extrapolating recommendations on statin use in the prevention of atherosclerotic CVD within the boundaries of available RCT data has its limits, as it is near impossible to conduct RCTs in unselected populations or to expect that multiple RCTs done in selected risk groups would ensure that everyone is represented. Major criteria presented are simplified for presentation purposes. Details regarding all inclusion and exclusion criteria have been described previously 11 and are summarised in Table 1 Two prevailing evidence-based guidelines for cholesterol-lowering recommendations in adults without established atherosclerotic CVD are formulated by the American College of Cardiology/American Heart Association (ACC/AHA) and European Society of Cardiology (ESC). 4, 5 Our study is the first to investigate to what extent these guidelines differ at population level in reflecting the total accrued RCT evidence for statin treatment in primary prevention of atherosclerotic CVD. We sought to assess whether the available RCT evidence on statins is fully incorporated in the ACC/AHA 2013 and ESC 2016 guideline recommendations.
Methods

Study population and setting
The Rotterdam Study is a prospective populationbased cohort study, established in 1990 in the city of Rotterdam, the Netherlands. Up until 2008, a total of 14,926 participants, aged 45 years, were recruited in three phases. The participants were extensively examined at baseline and every 3-4 years. The Rotterdam Study rationale and design have been described in detail previously. 6 Participants included in the analysis visited the research centre for the third examination of the original cohort (RS-I-3; aged 61 years; 1997-1999), the baseline examination of the second cohort (RS-II-1; aged 55 years; [2000] [2001] , and the baseline examination of the third cohort (RS-III-1; aged 45 years; [2006] [2007] [2008] . In these three visits combined, 10,522 participants were examined. For the purpose of investigating primary prevention strategies, we excluded participants with a history of atherosclerotic CVD, defined as any of the following: myocardial infarction, coronary or other arterial revascularization procedure, stroke, transient ischaemic attack, or repeated prescription of nitrates (as a proxy for individuals with angina pectoris).
7-10 Next, we excluded participants older than 75 years of age, since current prevention guidelines do not provide clear guidance in the elderly. We thus included a total of 7279 participants aged 45-75 years.
The Rotterdam Study complies with the Declaration of Helsinki and has been approved by the medical ethics committee according to the Wet Bevolkingsonderzoek: ERGO (Population Screening Act: Rotterdam Study), executed by the Ministry of Health, Welfare and Sports of the Netherlands. All participants provided written informed consent for their participation in the study and to obtain information from their treating physicians.
Outcomes
The main outcomes were: (a) atherosclerotic CVD incidence rate, composed of fatal and non-fatal myocardial infarction, coronary revascularization, coronary heart disease mortality, and non-haemorrhagic stroke; and (b) CVD mortality rate. Details regarding the followup and adjudication of events have been described in detail previously. 7, 9 Events were adjudicated until 1 January 2012.
Co-variables
Assessment of cardiovascular risk factors, medication use, lifestyle factors and other co-variables measured at the research centre or during the home interview, have been described in detail previously.
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Trial selection and trial eligibility
To be considered for this study, RCTs were required to describe the effect of statin use compared to placebo on clinical atherosclerotic CVD incidence or all-cause mortality using a double-blind placebo-controlled design in a population, or substantial subset of the population, free of atherosclerotic CVD. We identified 11 primary prevention RCTs in total, 10 previously described in the meta-analysis by Brugts et al., 2 plus the recently published Heart Outcomes Prevention Evaluation 3 (HOPE-3) trial that was not considered by the current ACC/AHA and ESC guidelines (Table 1) . 3 Every participant was checked for trial eligibility for each of the 11 RCTs separately by utilising all published inclusion and exclusion criteria. These criteria varied among trials due to differences in their design and hypothesis (Table 1 in Supplementary Material).
Some of the major inclusion criteria were age, sex, serum levels of total cholesterol, low-density lipoprotein (LDL) cholesterol, high-density lipoprotein (HDL) cholesterol, triglycerides, C-reactive protein (CRP), history of diabetes mellitus, blood pressure levels, and postmenopausal status for women (Table 1) .
Guideline recommendations
First, for every participant, we calculated the estimated 10-year risk of hard atherosclerotic CVD using the recommended sex-specific Pooled Cohort equations (PCE) for white individuals as published 12 and 10-year risk of fatal CVD using the sex-specific Systematic COronary Risk Evaluation (SCORE) equations for low-risk countries as published. 13 In this study, positive treatment recommendations were defined based on the definite treatment recommendations for both ACC/AHA and ESC guidelines. For the main analyses, we did not incorporate recommendations on consider treatment. In additional sensitivity analyses we combined definite treatment with consider treatment recommendations into a single overall positive treatment recommendation.
A positive definite recommendation for lipid-lowering treatment as advocated by the ACC/AHA 2013 guidelines was defined as either having: a 10-year hard atherosclerotic CVD risk 7.5% and an LDL cholesterol level 70 mg/dl; or an LDL cholesterol level 190 mg/dl; or diabetes mellitus and an LDL cholesterol level 70 mg/dl. 14 A positive definite recommendation for lipid-lowering treatment as advocated by the ESC 2016 guidelines was defined as either having: an LDL cholesterol level 100 mg/dl (2.5 mmol/l) combined with a 10-year CVD mortality risk of 5-10% or a high-risk equivalent (diabetes mellitus, total cholesterol >310 mg/dl (>8.0 mmol/l), systolic blood pressure/diastolic blood pressure 180/110 mm Hg, or estimated glomerular filtration rate 30-60 ml/min/1.73 m 2 ); or an LDL cholesterol level 70 mg/dl (1.8 mmol/l) combined with a 10-year CVD mortality risk 10% or estimated glomerular filtration rate <30 ml/min/1.73 m 2 .
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Statistical analysis
We determined the proportion of the study population that would have been eligible for each of the 11 RCTs and the overlap in eligibility between these trials. Observed atherosclerotic CVD incidence rates and CVD mortality rates were determined for individuals eligible for each of the 11 trials based on up to 10 years of follow-up. Next, for each of the 11 trial eligible subsets of the population, we determined the proportion that would be recommended to initiate lipidlowering treatment following the ACC/AHA 2013 and ESC 2016 guidelines. In addition, we determined the probability of being recommended for lipid-lowering treatment by the ACC/AHA 2013 and ESC 2016 guidelines, in relation to the number of trials an individual would be eligible for. The value of p-for-trend on this association was estimated using linear regression weighted for the number of atherosclerotic CVD events during follow-up. Cardiovascular events are deemed to have a more pronounced impact in younger and middle-aged individuals. We therefore looked into participants aged 46-65 years who died from CVD during follow-up in relation to their estimated risk cardiovascular risk. Within these individuals we compared the probabilities of being recommended lipid-lowering therapy based on the guidelines and the probability of being eligible for one or more RCTs on statin therapy.
Lastly, in order to study the relation between the amount of evidence and likelihood of positive guideline recommendations, we created categories based on the total number of RCTs that a participant was eligible for (0, 1, 2, 3 or 4 RCTs). We then determined the probability of having a definite ACC/AHA or ESC guideline recommendation on lipid-lowering therapy. This was done in the overall study population and within clinically relevant subgroups.
Missing values were present for up to 4.7% of traditional cardiovascular risk factors and for up to 7.1% of other co-variables, and were handled by single imputation using expectation-maximization algorithm. 15 Out of 7279 participants included in the analysis, we had follow-up data available for 7251 individuals with a total of 52,200 person-years of observed follow-up out of a potential 55,589 person-years (implying 93.9% completeness of follow-up). 16 Incidence rates are reported with 95% confidence intervals (CIs) based on a Poisson distribution. We considered p-values <0.05 statistically significant. We used IBM SPSS Statistics version 23.0 (IBM Corp, Armonk, New York, USA), R version 3.2.3 and its library 'epitools' for all analyses.
Results
The study population included 3041 men and 4238 women, aged 45-75 years, free from atherosclerotic CVD at baseline. Mean age was 61.1 (standard deviation (SD) 6.9) years, 8.4% had diabetes mellitus, 24.7% were current smokers and 24% were using blood pressure-lowering medication (Table 2) .
Overall 2180 men (71.7%) and 2196 women (51.8%) were eligible for one or more RCTs. The proportion of the population eligible for each trial varied among 11 RCTs, starting at lowest with 31 participants (0.4%) eligible for Lipid-Lowering Trial component of the Antihypertensive and Lipid-Lowering Treatment to Prevent Heart Attack Trial (ALLHAT-LLT), to 2240 participants (30.8%) eligible for Management of Elevated Cholesterol in the Primary Prevention Group of Adult Japanese Study Group (MEGA) ( Table 2 in Supplementary Material, Table 3 ). For nine out of 11 RCTs, overall proportions of trial eligible population were <10% (Table 2 in Supplementary Material, Table  3 ). Overlap between eligibility for 11 trials was minimal with the exception of (a) trials done in individuals with diabetes (Atorvastatin Study for Prevention of Coronary Heart Disease Endpoints in Non-InsulinDependent Diabetes Mellitus (ASPEN), Collaborative Atorvastatin Diabetes Study (CARDS), and Heart Protection Study of Cholesterol Lowering with Simvastatin (MRC/BHF HPS)), and (b) dyslipidaemia trials from the 1990s (West of Scotland Coronary Prevention Study (WOSCOPS) and Air Force/ Texas Coronary Atherosclerosis Prevention Study (AFCAPS/TexCAPS)) where the majority of trial eligible individuals were also eligible for MEGA ( Figure 1 ). When definite and consider treatment recommendations were combined, we noticed that the vast majority of trial eligible adults qualify for statin treatment under both guidelines (Table 4 in Supplementary Material). However, individuals eligible for MEGA, JUPITER and HOPE-3 still had the lowest probability of being recommended for statin therapy by either guideline. In Figure 2 , proportions of cardiovascular deaths during follow-up in middle-aged participants (45-65 years) are presented by levels of estimated 10-year risk based on the advocated PCE and SCORE equations for the ACC/AHA (Figure 2(a) and (b) ) and ESC guidelines (Figure 2(c) and (d) ), respectively. Most individuals who died from CVD were deemed at high risk according to the PCE (i.e. 7.5% of 10-year risk of atherosclerotic CVD) and correspondingly got a positive treatment recommendation following the ACC/ AHA guidelines (Figure 2(a) ). On the other hand, for the ESC guidelines, it is notable that most individuals who died from CVD were deemed to be at low risk according to SCORE (i.e. <5% of 10-year risk of CVD mortality). Out of 26 participants under 65 years of age at low SCORE risk who died from CVD, 88.5% were not recommended lipid-lowering therapy by the ESC guidelines (Figure 2(c) ), while 61.5% of these individuals would have qualified for one or more RCTs (Figure 2(d) ).
In Figure 3 , the number of RCTs that a single individual would be eligible for is plotted against the probability of a positive recommendation for lipidlowering therapy by the ACC/AHA and ESC guidelines. In the overall study population, there was a clear gradient between the increase in the number of RCTs that one is eligible for and the likelihood of being recommended for lipid-lowering treatment (p-for-linear-trend <0.001 for both ACC/AHA and ESC). None of the non-diabetic individuals were eligible for more than three trials, but results in the overall population were not driven by individuals with diabetes population and in all subgroups, especially in younger individuals.
Discussion
Our study is the first to investigate to what extent statin RCTs for primary prevention are reflected in clinical practice guidelines at population level. Previous studies evaluating the applicability of selected RCTs applied only the main entry criteria 17 and were limited to a handful of RCTs at most. 18 We, however, applied an extensive list of inclusion and exclusion criteria to emulate trial eligibility and evaluated all RCTs published to date.
Based on prospective population-based data from middle-aged and older individuals free of atherosclerotic CVD, our results demonstrate that the proportions of the population eligible for 11 RCTs on statin use for primary prevention of atherosclerotic CVD varied considerably by trial, ranging from 0.4-30.8% of the overall population. Trials done in individuals with diabetes were well represented in both ACC/AHA 2013 and ESC 2016 guidelines. For other trials, the probability of being recommended for lipid-lowering therapy was positively related to the observed atherosclerotic CVD risk, with higher probabilities for ACC/AHA as compared to ESC guidelines, reflecting the low overall cardiovascular risk treatment threshold in the current ACC/AHA guidelines. Finally, we noted a positive relation between the number of RCTs that an individual would have been eligible for and the likelihood of being recommended lipid-lowering treatment by either guideline.
Clinical implications
The initial RCTs on statins only enrolled individuals at high risk of developing atherosclerotic CVD, either with dyslipidaemia (WOSCOPS and AFCAPS/ TexCAPS), elderly ( Currently, a trial targeting an even lower risk population for primary prevention of atherosclerotic CVD with atorvastatin Eliminate Coronary Artery Disease trial (ECAD) is ongoing. 19 However, the majority of the middle-aged and older population is already recommended for lipid-lowering treatment under the regime of the current guidelines. 11, 18, 20, 21 Therefore, extending guideline recommendations on lipid-lowering treatment to even lower risk individuals -despite statins having been proven efficacious in JUPITER, MEGA and HOPE-3 -is considered unwanted by many. [22] [23] [24] [25] Since statins have been proven to be both cost-effective and safe, 26 a potential solution to this issue could be through identification of individuals at increased risk of atherosclerotic CVD among those deemed at predicted lower risk. For instance, by using additional tests with strong predictive properties, such as the quantification of coronary calcium. 27 In any case, particularly in individuals at lower risk, the balance between the benefits of safe lowcost generic statins and the burden of taking medication demands joint decision-making among patients and practitioners. Cooney and colleagues demonstrated that a substantial number of cardiovascular deaths occur in individuals considered to be at low 10-year SCORE risk, simply because they constitute the majority of the general population. 28 Our findings are in line with these observations, since we confirmed that the majority of middle-aged individuals who died from a CVD during follow-up had an estimated 10-year risk of CVD mortality <5% and thereby would not have qualified for lipid-lowering treatment under the ESC guidelines. Many of them would, however, have met the entry criteria of one or more RCTs (Figure 2(d) ). This would support the argument for reconsidering the ESC treatment recommendations in younger individuals, for instance by lowering the treatment threshold similar to the latest ACC/AHA guidelines, 4, 12 extending the SCORE risk equations to also predict non-fatal outcomes, 29 making a transition from 10-year risk to lifetime risk assessment, 30 reconsidering the dominant role of age in the current 10-year CVD risk calculators, 29 or using hybrid algorithms based on both cardiovascular risk estimation and statin trial eligibility. 18 Those eligible for trials but not recommended for lipid-lowering treatment apparently have a low 10-year risk of CVD based on the calculators. However, considering that these adults have risk factors that made them eligible for these trials and given the nature of the cumulative risk factor exposure, they will likely have an increased lifetime risk of CVD. [30] [31] [32] Therefore, statin therapy for primary prevention of atherosclerotic CVD could be considered in these individuals, since early treatment with statins may have a legacy effect in later life even after only several years of use. 29, 33 This does imply that the numbers needed to treat will likely be relatively high when only considering the period shortly after statin initiation, but this could drop substantially when considering a longer-term perspective in these individuals.
Limitations
A number of limitations of our study need to be addressed. First, the Rotterdam Study population is almost entirely white, thus extrapolation of our findings to other ethnicities should be done with caution and validation of our findings in diverse populations seems warranted. Second, a small proportion of the studied population (9.3%) was using statins at baseline, which might have led to an underestimation of event rates in these individuals. Yet, exclusion of statin users at baseline did not materially change the results (Figure 1 in Supplementary Material). Third, we emphasise that HOPE-3 did not contribute to the current recommendations in the prevailing ACC/AHA and the ESC guidelines. Our results for this trial, therefore, should be interpreted as providing the potential evidence for expanding recommendations on lipidlowering therapy in future revisions of the current guidelines, rather than a representation of evidence in the current guidelines. Fourth, the exact details for all minor inclusion and exclusion criteria for 11 RCTs under study, such as rare conditions and allergies, were not available ( Table 1 in Supplementary Material). 11 Due to the rarity of these entry criteria, this is unlikely to have affected our findings. Finally, similar to RCTs, population-based cohort studies require active participation and are therefore subject to the healthy volunteer effect. 34 This leads to underestimation of the prevalence of cardiovascular risk factors and CVD event rates in the source population.
Conclusions
As compared to RCTs targeted at high-risk populations, RCTs targeted at low-to-intermediate risk populations are less likely to be reflected in the ACC/AHA 2013 and ESC 2016 guideline recommendations for lipid-lowering treatment in primary prevention of atherosclerotic CVD. At population level, the ESC guidelines were far more conservative in recommending lipid-lowering treatment in low-to-intermediate risk individuals as compared to the ACC/AHA guidelines, especially in middle-aged individuals. HOPE-3, the most recent addition to the evidence base for statin use in primary prevention of atherosclerotic CVD, targeted individuals at low-to-intermediate risk that could benefit from statin treatment, but who are currently not well-captured by prevailing European guidelines. These novel insights should foster future updates to clinical practice guidelines for lipid-lowering in primary prevention of atherosclerotic CVD.
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